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Introduction
TiO 2 is one of the most widely studied and applied semiconductor photocatalysts due to its activity, low cost, photo-stability and non-toxic nature [1, 2] . In recent years TiO 2 has been researched and employed as a photocatalyst in many areas such as wastewater purification [3, 4] and self-cleaning surfaces [5] (via organic pollutant oxidation) as well as solar energy conversion [6, 7] . To initiate photocatalysis the semiconductor TiO 2 must first be activated.
Energy must be absorbed to promote an electron from the valence band to the conduction band [8] . This generates an electron hole pair, which (if they migrate to the semiconductor surface) may be used in reduction or oxidation (redox) reactions with surface adsorbed species [9] .
However, there are difficulties facing the efficiency of TiO 2 as a photocatalyst. Firstly, energy equal to or higher than the band gap of TiO 2 is required for activation [8] . Then, once activated, recombination of generated electron hole pairs must be avoided in order to promote surface redox reactions [10] . Surface area also plays an important role as decreased surface area decreases the concentrations of adsorbed species available for reaction [11] .
There are two common crystal phases of TiO 2 , i.e. anatase and rutile [12] . In general, for photocatalytic processes anatase phase TiO 2 is preferable due to its higher surface area and lower hole electron recombination rates [13] . However, a major limitation associated with the use of anatase TiO 2, particularly as a solar driven photocatalyst, is that the band gap (3.2 eV) [14] is too large for visible light to initiate photocatalysis. Only UV photons with wavelengths below 388 nm can promote electrons and generate active electron hole pairs.
One approach which has received a large amount of attention to alter the band gap of TiO 2 and shift towards visible light absorbance is via selective doping of metallic and/or non-metallic elements (such as carbon) into the TiO 2 lattice [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In general anionic carbide dopants are considered more beneficial than cationic dopants for photocatalytic performance [28] .
The eventual nature of C-dopants within TiO 2 lattices has been the subject of much debate and there are several excellent reviews and recent works for example see [33, 34] that discuss their incorporation, their chemical nature and their modes of action. A more extensive discussion of the nature and modes of action of doping and aspects such as the valance induction law and other proposed mechanisms is beyond the scope of this work, given in fact that we failed to generate any doped materials (see later).
Such doping has, in general been applied to the anatase crystal phase of TiO 2 [31] . These techniques for C-doping anatase phase TiO 2 , through the addition of C-containing precursors to a sol gel mixture of precipitating TiO 2 , are now widespread and considered routine.
Rutile phase TiO 2 has a lower band gap (~3.0 eV) [14] than the anatase phase, and it exhibits lower surface areas and higher hole electron recombination rates. These characteristics, coupled with the (bandgap and non-bandgap related) benefits of C-doping mentioned above, suggest that C-doped rutile should perform more efficiently as a photocatalyst than its undoped analogue. While there are many examples of metal doped rutile systems (in which the metal sits at the Ti site of TiO 2 , e.g. see [35, 36] ) we have not seen any examples of Cdoped rutile nanoparticles, although theoretical discussions of such systems have been noted [37] and carbon-doped thin films in the rutile phase (produced by heating Ti metal in a CH 4 flame) [18] have also been formed. The paucity of these reports is surprising, given the abundant, relatively facile techniques available for introducing C dopants into an anatase lattice.
In this work we have attempted to form nanoparticles of C-doped TiO 2 in the rutile phase in order to determine whether its characteristics as a photocatalyst are affected in the same way as those of anatase following the addition of a dopant-containing solution to the crystallising sol. We have endeavoured to add carbon to the rutile TiO 2 lattice with a technique which we have previously used to reproducibly form the doped anatase analogue [29] .
Typically in low temperature solution-phase synthesis of TiO 2 the anatase phase is favoured, due to precursor chemistry and surface energies [41] . In small crystallites, particle surface energy makes up a large part of the total energy of the crystal. It has been found that anatase has a lower surface energy than rutile [42] and so this favours the formation of anatase phase crystals. However, as the crystals increase in size (e.g. via sintering) surface energy plays a lesser role in the total crystal energy, a phase crossover occurs, and rutile crystals become more stable than anatase phase crystals, at about 30 nm [40] . Consequently, rutile (the thermodynamically more stable phase [41] ) can be formed when anatase is calcined at high temperature (above 800 °C) and small crystallites sinter into larger particles. In order to retain dopants such as carbon in TiO 2 , as well as to retain small particle sizes (with large surface area), a low temperature synthesis is required.
Low temperature synthesis of rutile phase TiO 2 nanocrystals can be challenging and various methods have been studied such as addition of mineral additives [42] or rutile seed crystals [43] in order to promote rutile formation. However, these methods have certain disadvantages [44] such as contamination and phase impurity. Another possible approach involves varying synthesis conditions in order to affect the rates of both hydrolysis of the Ti precursor and condensation [12] of the pre-TiO 2 sol, which in turn affects crystal formation.
In acidic conditions, using certain precursors, hydrolysis can be promoted and the rate of condensation decreased [45, 46] . This allows all of the hydrolysis steps to complete before condensation steps begin and results in the thermodynamically stable rutile phase being formed [47] . It is known that the presence of nitric acid, which may also form NO 2 in the gas phase, increases the possibility of forming rutile at lower temperatures [48] . Conversely, in neutral or basic conditions, precursor hydrolysis steps can be slowed and condensation can begin before hydrolysis is completed. This results in the formation of the metastable anatase phase or in the formation of amorphous TiO 2 [47] .
Another method for the formation of rutile nanocrystals at low temperature is via acidic low temperature hydrothermal treatment of an amorphous TiO 2 precursor [38, 49] . This method produces rutile via a dissolution-precipitation mechanism which depends on reactant interactions (e.g. addition of HCl) in conjunction with hydrothermal conditions that crystallize the amorphous TiO 2 under pressure [50] [51] [52] [53] . Note again that acidic conditions are required.
Here, we have used two modified low temperature methods previously reported [38, 45] in attempts to synthesise rutile phase C-doped TiO 2 nanoparticles. The first approach involved the addition of nitric acid to hydrolyse a Ti precursor. The second approach entailed autoclaving (under acidic conditions) amorphous TiO 2 . In both cases, carbon doping was attempted using the addition of melamine borate to the pre-TiO 2 sol. Addition of solutions of this material to the crystallising sol has been previously found to be a facile, reliable, reproducible and cost-effective way to introduce dopant levels of C atoms into the anatase TiO 2 structure [29] . Once formed, the materials were characterized using a range of physical techniques such as diffuse reflectance UV-Vis spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Transmission Electron Microscopy and N 2 physisorption.
Photocatalytic activities under visible light were investigated using the oxidation of 4-chlorophenol as a model reaction.
As it happened, none of these proposed techniques for incorporating any form of C-dopant within the lattice of a rutile TiO 2 sample proved effective and in all cases the materials remained undoped. However, as a pleasant surprise, the materials formed following these attempts to dope, were more phase-pure than the nominally un-doped analogues and were also significantly more active photo-catalysts. In brief, our attempts to dope have, by a happy accident, led to the development of more active rutile photo-catalysts.
Experimental
Rutile phase TiO 2 was formed using two modified low temperature methods outlined below.
Carbon doping was attempted using the addition of melamine borate as a source of carbon dopant. P25 (Degussa) and Rutile nanopowder (99.5%, Aldrich) were used as reference materials.
Preparation of rutile TiO 2 using a nitric acid (HNO 3 ) method
TiO 2 (TiO 2 (HNO 3 )) was formed using a method outlined by Tang 
Rutile TiO 2 using an autoclave (AC) method
Rutile phase TiO 2 (TiO 2 (AC)) was also prepared using the following method (ReyesCoronado et al.) at low pH and under autoclave conditions [38] . First titanium isopropoxide (97%, Aldrich) was hydrolysed in a solution of 2-propanol (99 %) and deionised water (1 %).
Typically an ice-cooled solution of 110 mL of deionised water and 1050 mL 2-propanol (Sigma-Aldrich) was added to a stirred solution of 50 mL titanium (IV) isopropoxide (97%, Aldrich) and 1050 mL 2-propanol in an ice bath. Afterwards, the clear solution was stirred at room temperature for 24 h. During this time the solution became turbid and white. After filtration a solid precipitate (amorphous TiO 2 ) was obtained and dried at room temperature. The amorphous TiO 2 was then dissolved in 3 M HCl which was subsequently diluted to 0.3 M in a Teflon cup. The Teflon cup was placed in an autoclave and was heated for eight hours at 200 °C. After this, the solution was filtered and a grey solid was obtained. The powder was then calcined at 400 °C for 2 hours.
Attempts to synthesise carbon-doped rutile TiO 2 (C-TiO 2 (AC)) followed the same method but with the addition of melamine borate to the pre-TiO 2 sol. 12 mL of saturated aqueous melamine borate solution substituted 12 mL of deionised water in the pre-TiO 2 solution.
Characterisations
Powder XRD patterns were collected using a Siemens D500 Kristalloflex using Cu Kα radiation. N 2 physisorption isotherms were collected on a Quantachrome Nova 2000e.
Diffuse Reflectance UV-Vis spectroscopy (DRS) was carried out using an Analytik Jena Specord 210 spectrometer equipped with an integrating sphere attachment for measurement of spectra from powder samples. X-ray Photoelectron Spectroscopy (XPS) was carried out with a Kratos AXIS 165 spectrometer using a monochromatic X-ray source (Al Kα 1486.58 eV). TEM images were measured on a Technai T12 transmission electron microscope.
Photocatalytic activity measurements
Photocatalytic activity of the materials was tested by investigating the photocatalytic degradation of 4-chlorophenol solutions under visible light irradiation. 80 mg of photocatalyst powder was dispersed in 40 mL of a 0.5 mM solution of 4-chlorophenol. The mixture was sonicated for 15 min before being purged with air for 5 min. Samples were stirred in the dark for 30 min in order to reach an adsorption -desorption equilibrium.
Irradiation was carried out in an Atlas Suntest CPS (AM1.5 G) solar simulator unit with UV filter film (λ > 410 nm). Samples were extracted hourly for 5 hours and the degradation (complete mineralisation) of 4-chlorophenol was monitored using Total Organic Carbon (TOC) analysis (Shimadzu TOC V-CPH).
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Results and Discussion.
In the following sections we present the characterisation data of the 4 prepared samples, 2 that nominally should contain C-dopants (if the previously demonstrated method of dopant incorporation operates) and 2 that should be un-doped. It transpires that while there are significant measurable differences, observable using a range of techniques, between the two families of materials (i.e. those produced in the presence of melamine borate and those produced in its absence) that there is no actual incorporation of carbon into the rutile lattices.
Furthermore, serendipitously, these formed materials were of a different shape and had improved photo-catalytic reactivity when compared to the nominally un-doped materials.
XRD and physisorption analysis
Materials were analysed using XRD to determine phase composition and crystalline particle It seems the addition of melamine borate to the condensing mixture has further promoted the formation of rutile phase TiO 2 . Cationic dopants "within" lattices have previously been reported to promote the formation of rutile [55] though the exact nature of the promotion is unknown but it may be due to disruption of the crystal formation during hydrolysis / condensation, impeding the rate of condensation and thus creating conditions favourable for rutile formation. However, it seems that whatever mechanism proposed by Shirley et al. [53] to promote this cannot operate here (since dopants are not incorporated into our final lattices -see later).
TEM (see later) shows that the species precipitated in the absence of melamine borate are approximately spherical and their crystalline particle sizes (as determined using the Scherrer equation [56] ) are reported in Table 1 . In these calculations the diffraction pattern peaks at (101) anatase peak and (110) rutile peak are utilized. The equation τ = Kλ / βcosθ, where K is the shape factor (0.94), λ is the X-ray wavelength, β is the line broadening at half the maximum intensity (FWHM) of the peak, and θ is the Bragg angle (peak position) is used. It should be recalled that the use of this equation assumes that the particles are spherical -a situation that TEM measurements (see later) show not to be the case for the solids condensed in the presence of melamine borate. N 2 physisorption was carried out in order to determine the surface areas of the materials synthesised. As expected decreasing crystalline particle size resulted in an increased surface area. As presented in Table 1 , TiO 2 materials prepared in the presence of melamine borate 
UV-Vis spectroscopy
The materials were analysed using UV-Vis spectroscopy. Figure 2 As expected the high energy feature absorbance onsets of the predominantly rutile materials was shifted further towards the visible region (~ 420 nm) compared to the mainly anatase phase P25 (~410 nm). The spectra of the 3 nominally doped and un-doped rutile materials were all comparable to one another. Absorbance onsets were estimated by drawing a tangent to the high-energy feature of the UV-Vis spectrum and approximating the wavelength at which the tangent intercepts a line with an absorbance value of zero.
Absorption coefficients were used to estimate the bandgaps of the various materials according to the Tauc equation αhν = B(hν-E g ) n where α is the absorption coefficient, hν is the photon energy, B is a constant, E g is the band gap and n = 0.5 for direct band gaps and n = 2 for indirect band gaps [57] . The intercept of the extrapolated linear region of plots of (αhν) n versus energy (hν) on the energy axis gave the material band gap [58] . Calculated values for both direct and indirect band gaps are given, Table 2 .
A decrease in band gap is observed in the rutile phase materials as compared to the mainly anatase phase P25 TiO 2 . However, no substantial change in band gap is observed for the materials that had melamine borate incorporated within the preparation mixture.
Both of the materials synthesised via autoclaving (TiO 2 (AC) and C-TiO 2 (AC)) showed increased absorbance across the visible region (at > 420 nm) owing to their slightly greyish colour even following calcination.
In any case, regarding the substantive issue, these results (which suggest no change to the opto-electronic properties of the materials crystallised in the presence of melamine borate) is a significant difference to those observed when anatase TiO 2 is condensed in the presence of melamine borate using a sol-gel process. In the latter materials the presence of melamine borate results in the incorporation of C atoms into the lattice and a subsequent decrease in the electronic bandgap [29] that is reflected by a yellow colour in the material. This result suggests that the extent of any doping of these rutile materials was minimal. [21, 43, [60] [61] [62] [63] . However these peaks were found to be present in both the doped and un-doped samples and must be related to carbon contaminants on the surface of the samples. A peak at 282 eV related to Ti-C, or carbon substitutionally doped in the place of oxygen in the TiO 2 lattice [17] was not observed in any of the samples. This peak has been seen in the analogous anatase materials [29] . XPS analysis of C-TiO 2 (HNO 3 ) and C-TiO 2 (AC) was also carried out after sputtering samples for 8 min with low energy Ar ions (2 keV) followed directly by sputtering for 5 min with high energy Ar ions (4 keV). The purpose of this treatment was to etch away the top surface layers of the material. This would remove any adsorbed carbonate species that may be masking at peak at 282 eV related to Ti-C. After sputtering, the peak at 285 eV, i.e. the instrumental artefact, remained in the spectra of all samples. The intensity of the C 1s peaks at 286 and 289 eV (relating to carbonate species) decreased continually upon sputtering (Figure 3) . In contrast to the situation when the analogous anatase TiO 2 is crystallised in the presence of melamine borate [29] , here no new peak at 282 eV relating to Ti-C was revealed.
These XPS results, as well as the UV-Vis derived bandgap measurements above, suggest that there has been no incorporation of C dopant into the rutile phase TiO 2 , i.e. these attempts to incorporate dopant carbon into the rutile phase of TiO 2 were not successful. This is in stark contrast to the situation when TiO 2 is allowed to crystallise in its anatase form in the presence of melamine borate where decreased bandgaps were noted in the UV-Vis spectra and dopant C was found in the XPS. This in turn suggests that the incorporation of the C-dopant is not a straightforward process and that aspects of the preparation including pH (the major difference between these two preparations) have an important role to play in the eventual doping. It is emphasized that in spite of the presence of nitrogen in melamine borate, doping of N atoms was never detected in any samples, irrespective of the final TiO 2 crystalline phases [17, 29, 30 ].
TEM measurements
Transmission Electron Micrographs of the nominally doped and undoped samples prepared In this work the particles produced in the presence of melamine borate have a much more defined rod-like shape. This is more obvious in the samples produced using the AC method (bottom right panel) than those produced using the HNO 3 method (bottom left panel).
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The rod-like particles produced in the presence of melamine borate using HNO 3 method are ~69 ± 14 nm in length and ~30 ± 2 nm in width while in the case of the particles produced in the presence of melamine borate using the autoclave method they are ~183 ± 30 nm in length and ~ 39 ± 5 nm in width. The latter particles also appear more defined than the analogous HNO 3 -precipitated materials.
This correlates with the surface areas of the materials as discussed above where the HNO 3 -produced materials (which are smaller less defined rods) have a higher surface area (36.5 m 2 g -1 ) than those produced using the AC method (21.0 m 2 g -1 ).
The formation of TiO 2 rods through anisotropic growth of nanocrystals has been noted previously and been ascribed to an oriented attachment process from the forming gel [36, 62] .
Another possibility is that preferential growth in 1 dimension over another is facilitated by the action of another species in solution preferentially capping one particular plane thereby forcing growth in another direction [65] . It might be that the melamine borate is acting in this way.
Photo-catalytic activity measurements
Photo-catalytic activity experiments were carried out using the degradation of 4-chlorophenol under visible light as a model reaction ( Figure 5 ). Previously, using C-doped anatase TiO 2
formed through the addition of melamine borate to the catalyst preparation mixture, we have found improved optical absorbance characteristics that in turn have led to improved reactivity (relative to an undoped analogue) [29] . We have ascribed this to an increased generation of charge carriers and subsequent generation of oxidising species (e.g. h + , OH . ) within the Of all the materials tested, P25 TiO 2 performed best, degrading almost 50 % of the 4-chlorophenol in 5 hours ( Figure 5 ) despite having a reduced (but not zero) absorbance in the visible region compared to the rutile materials ( Figure 2 ). This confirms that enhanced light absorbance is only one of many factors that influence photo-catalytic efficiencies of these catalysts. Increased surface area, crystallinity and reduced electron hole recombination (from an optimized anatase:rutile phase composition) also play an important role in producing photo-catalytically active materials.
Regarding the synthesised materials, the activities of the un-doped materials were comparable to one another (converting ~10% after 5 h of reaction) as were their surface areas and morphologies (as measured using BET and TEM) -see above. The two nominally doped samples removed far more 4-chlorophenol than their un-doped analogues. The C-TiO 2 (AC) catalyst was more active than the C-TiO 2 (HNO 3 ) with the former converting over 40%
during the reaction and the latter converting ~30%.
Since the opto-electronic properties of these materials are unchanged following the preparations in the presence of melamine borate, and there is no evidence for carbon doping, some other effects must be in operation to cause this increased reactivity.
The surface areas of these materials were higher than those of the un-doped analogues and it is probable that this larger surface area contributed to the improved reactivity. However, this cannot be the only influence on the improvement seen in photo-catalysis.
Of these materials the less active C-TiO 2 (HNO 3 ) sample had the larger surface area (36.5 m 2 g -1 compared to 21.0 m 2 g -1 for the AC) and yet this sample (while being more active than the analogous material prepared in the absence of melamine borate) was less active than the C-TiO 2 (AC) photocatalyst.
Thus, it seems that while our initial attempts to form C-doped rutile were a failure, by a happy accident we have come to a method for producing a more phase-pure and reactive rutile material A possible explanation for this might be found in the TEM analyses of the materials ( Figure   4 ). The AC-produced samples appear far more defined than the HNO 3 -produced materials. It is possible that this may play a role in charge separation and prevention of electron hole recombination. In any case it seems that the more ordered rod structures produced using the AC technique are preferable in terms of activity to the less elongated materials formed during the HNO 3 condensation.
Another possible rationale for these different catalytic activities might revolve around the preferential growth of the rutile rods along particular crystallographic axes leading to the preferential exposure of specific crystal faces [66] . These in turn might have higher conductivity or more favourable charge separation characteristics and therefore act as more active photo-catalysts [67] .
In particular Penn et al. [66] initially discussed TiO 2 crystal growth in acidic solutions and
show that a driving force involving the reduction in surface energy (and subsequent minimization of the area of high surface energy faces) resulted in the formation of distinctly faceted crystallites dominated by {101} surfaces.
Since this, several authors [67] [68] [69] have suggested that the differently exposed crystal faces can in fact have significantly different photocatalytic reactivity. It is possible that such a mechanism operates here where crystal growth is prohibited in certain directions, (due to the presence of the melamine borate salt within the acidic condensing mixture) allowing growth in other directions and therefore preferential exposure of more catalytically active crystal faces.
Conclusions
In contrast to the situation where C-doped anatase TiO 2 is produced, the addition of melamine borate to a condensing sol of TiO 2 precursor material (under acidic conditions where the sol is directed to form the rutile phase) does not result in the material formed having a decreased bandgap (as confirmed by UV-Vis spectroscopy) or the incorporation of dopant levels of C into the TiO 2 lattice (as confirmed by XPS measurements) and as yet there is no wet-chemistry method to reproducibly introduce C-dopants into a rutile TiO 2 nanoparticle lattice.
The presence of melamine borate (notwithstanding that it does not result in C-doping within the TiO 2 lattice) does affect the nature of the rutile produced, in that the crystals formed have a higher proportion or rutile phase (100%), increased surface areas and more defined rodshaped morphologies than crystals which condensed in the absence of the melamine additive.
These larger surface areas and more defined crystals yield catalysts which have higher photocatalytic activity than the analogous materials prepared in the absence of melamine borate.
So our attempts to produce C-doped rutile phase TiO 2 were unsuccessful. However, serendipitously we have come to a procedure for production of a more phase pure and more photo-reactive rutile phase.
